Abstract. In situ X-ray diffraction allows the determination of the structure of transient states of matter. We have used laser-plasma generated X-rays to study how single crystals of metals (copper and iron) react to uniaxial shock compression. We find that copper, as a face-centred-cubic material, allows rapid generation and motion of dislocations, allowing close to hydrostatic conditions to be achieved on sub-nanosecond timescales. Detailed molecular dynamics calculations provide novel information about the process, and point towards methods whereby the dislocation density might be measured during the passage of the shock wave itself. We also report on recent experiments where we have obtained diffraction images from shock-compressed single-crystal iron. The single crystal sample transforms to the hcp phase above a critical pressure, below which it appears to be uniaxially compressed bcc, with no evidence of plasticity. Above the transition threshold, clear evidence for the hcp phase can be seen in the diffraction images, and via a mechanism that is also consistent with recent multi-million atom molecular dynamics simulations that use the Voter-Chen potential. We believe these data to be of import, in that they constitute the first conclusive in situ evidence of the transformed structure of iron during the passage of a shock wave.
INTRODUCTION
There are many experiments that have been performed over the years in the field of shock wave physics that might justly be described as 'blackbox' physics -a sample is shocked, its response measured, logged, and filed, without any meaningful questions being asked as to what actually happened.
Whilst such an approach may well have its place it rarely provides the necessary insight that both satisfies an underlying intellectual curiosity, and also, importantly, leads to a deeper appreciation of the fundamental science upon which true progress is almost invariably predicated. In all but the most simplest situations (which might be considered to be a uniaxial elastic wave along a principal axis in a single crystal with a stress below the asymptotic Hugoniot Elastic Limit (HEL) where all of the atoms within a unit cell merely move along the shock propagation direction) the atoms within a shocked solid respond in a complicated manner, yet the question 'what happens at the lattice and atomic level?' , although possessing a long history, is one that has only started to be asked in earnest in recent years.
Uniaxial compression above the HEL results in plastic deformation, and in turn such deformation demands both the existence and motion of large numbers of dislocations. Yet it is well known that careful studies of recovered samples consistently conclude that the number of dislocations present after the event are insufficient, often by several orders of magnitude, to explain the observed plastic strain rate. The rate at which plastic strain can occur,ε, is governed by the well-known equation attributed to Orowan [1] 
where N m is the number of mobile dislocations, b the Burger's vector of the dislocations, andv their mean velocity. As stated above (unless one is prepared to accept the concept of supersonic dislocations) the plastic strain rates observed in real crystalline materials at ultra-high strain rates often demands mobile dislocation densities vastly in excess of the dislocation densities inferred from the study of the microscopic structure of recovered samples. One is inevitably led to conclude that the transient dislocation density during the passage of the shock is considerably higher than that which exists both before and after the shock, yet conclusive experimental proof that this is the case remains illusive. In order to resolve such a fundamental problem we clearly need to develop techniques that allow us to directly measure plastic strain (and strain rate) within a shocked sample and, if possible, yield information on the transient dislocation densities. An understanding of the detailed mechanisms by which atoms rearrange under shock compression will also be demanded if we are to fully understand shock-induced polymorphic phase transitions. Perhaps the easiest class of such transitions to visualize are the so-called Martensitic transitions, where the atoms can be considered to 'click into place', rather than rearrange via a diffusive mechanism, but even here our understanding of what actually occurs, and on what time-scale, is sketchy, mainly because such transitions are often fully reversible, and thus little information can be gleaned from the recovered sample. The most famous of these transitions is the wellknown α → ε transition in iron, where the initially body centred cubic iron (bcc) is thought to transform to a hexagonal close-packed (hcp) structure. This transition is of particular importance, as, indeed, it was the first to be inferred in a shock-wave measurement over half a century ago (via the observation of a multiple-wave structure).
X-RAY DIFFRACTION
Time-resolved X-ray diffraction offers the possibility, at least in principle, to answer many of the fundamental questions in the field of shock wave physics outlined briefly above. Not only can transient diffraction give information about the structure of the compressed material, but it can provide some information both about plastic strain and phase transformations, but also, for crystals belonging to certain lattice types, it offers the possibility of providing a direct measurement of in situ dislocation densities.
For a perfect crystal the diffraction of X-rays governed by Bragg's law, where for a plane of Miller indices (h,k,l), the diffraction of monochromatic radiation of wavelength λ occurs at an angle θ to the plane of spacing d hkl , where
Compression of the lattice clearly shifts the angle at which diffraction occurs, and for small compressions, the change in diffraction angle is related to the change in the lattice spacing according to a differentiation of Bragg's law:
It is important to note that to first order the changes in lattice spacings that result in the shift of the diffracted radiation correspond to the elastic components of strain. Indeed, this is why X-ray diffraction is potentially such a useful diagnostic -it can probe the lattice spacing in any direction (at least for thin samples), and thus can provide information about the elastic strain both perpendicular, ε e ⊥ and parallel, ε e , to the shock front. Such a measurement should allow us to extract the plastic strain: we assume that the plastic dilatation is zero:
where the superscript here denotes plastic strain. Thus, knowing that the strain is uniaxial, i.e. that ε e = −ε p , we see that not only do measurements of elastic strain parallel to the shock front give direct measurements of the plastic strain parallel to the front, but with the additional information of the elastic strain perpendicular to the front, the plastic strain in this direction is also measured, and can be compared with the elastic strain in this direction.
DISLOCATIONS IN FCC CRYSTALS
The above discussion has assumed that the Bragg angle is completely determined by the lattice spacing. However, stacking faults in face centred cubic (fcc) crystals can also lead to shifts in the diffraction angle, though these can be more than an order of magnitude smaller than the shifts due to compression. Indeed, this well-known effect was discussed in the classic text by Warren [2] , has subsequently been used by metallurgists for many years as a dislocation diagnostic, and was proposed as a method of determining dislocation densities in shocked crystals by Zaretsky.
[3] For reasons of space, we will not enter into a full discussion here, and it suffices to say that a stacking fault in an fcc crystal can be thought of as a thin layer of hcp material. Each fault thus introduces a known phase shift between the X-ray and the lattice, and the Bragg peak will shift accordingly by an amount and direction that depends upon the Miller indices and the number of planes between stacking faults. It can be shown that diffraction from the (002) planes shifts by an angle
where α is the inverse of the mean number of planes between stacking faults. In contrast, for (004) the shift is in the opposite direction:
It is thus possible to use eqns (5) and (6) to infer dislocation densities and real compressions from the positions of the diffraction peaks. Conclusive experimental determination of dislocation densities by such a method has yet to be confirmed (though some anomalous results may provide some evidence in this direction [4] ) and further experiments in this area are planned. It may be thought that the shock-induced local distortion of the lattice might make such effects impossible to measure. As a preliminary test of this, we decided to post-process the results of a molecular dynamics simulation, producing a simulated diffraction pattern including the (002) and (004) planes, and used the centers of gravity of the diffraction peaks to determine dislocation densities. [5] These dislocation densities inferred from the simulated diffraction measurements were then compared with measurements obtained by producing images of the atoms, with each atom color-coded according to its number of nearest neighbors. Such an image provides a simple means of manually counting the dislocation density. Good agreement between the two methods provides confidence that the X-ray diagnostic may work in determining dislocation densities as ultrahigh strain rates. Full details of this work will be presented in a forthcoming publication, and thus we simply present the main results here. We generated simulated X-ray diffraction patterns from the atomic positions provided by an MD simulation of a shocked single copper crystal containing 256×10 6 atoms. Its dimensions prior to shock FIGURE 2. MD simulations of shock-compressed single crystal Iron [6] . u p increases between A and B. The light gray is unshocked bcc iron. In A the shock strength is less than the transition pressure, in B it exceeds it and a two-wave structure is formed of firstly compressed bcc, and then iron transformed to hcp. Grain boundaries (e.g. twin boundaries) can be seen within the hcp crystal. launch were 200×200×1600 unit cells, with the long side of the sample along the shock propagation direction [001] , and the unperturbed unit cell size a 0 = 3.615 Å. The simulation thus spanned ∼ 0.6 μm in length. The shock wave launched in the crystal had a 50 ps long linear ramp. The peak pressure generated was 35 GPa, thus exceeding the threshold for the onset of homogeneous, as well as inhomogeneous dislocation generation (∼ 32 and ∼ 10 GPa, respectively [7] ). The total duration of the simulation was ∼ 130 ps. The long duration of the simulation allowed the observation of relaxation of the shear stress (observed as shear strain) in the diffraction signal, something not observed with shorter simulation times. [8] [9] . Two prismatic loops were incorporated into the crystal prior to shock launch. The first one was located at ∼ 0.18 μm and the second one at ∼ 0.4 μm along the z axis. Further details of the simulation are provided elsewhere, [10] and much was learnt about the role and interplay between ramped compression waves and dislocation sources. However, for the present discussion it suffices to say that large numbers of homogeneously-generated dislocations (> 1 − 2 × 10 13 cm −2 ) were found in the first part of the crystal before the first prismatic loop. The interplay between the ramp and the loop resulted in subsequent regions of the crystal having present dislocations born from the loop, with lower overall densities (by about a factor of 3), where the above numbers are inferred from direct counting of the dislocations. However, importantly, the regions of lower dislocation density resulted in slightly greater relaxation of the shear stress: the very high densities generated homogeneously tended to produce networks of dislocations that 'tangled', and thus had lower velocities, and, via Orowan's equation, were less efficient at relaxing shear stress.
As can be seen from Fig. 1 , the dislocation densities inferred from the Fourier Transform of the atomic positions (i.e. the simulated diffraction pattern, and the resultant shift in the diffraction peaks), show excellent agreement with the dislocation densities inferred by direct counting. From the estimated error bars we believe that it should be possible to use time-resolved diffraction techniques to observe the high-dislocation densities that need to exist at ultra-high strain rates. High strain-rate phenomena have been observed via diffraction, with single crystals of copper showing close to hydrostatic behavior on sub-nanosecond time-scales, [11] and dislocation densities of the same order as those present in this MD simulation are expected in such experiments, depending upon how well simulated dislocation velocities match those actually present. Furthermore, the laser-plasma technique used in these experiments allows for the generation of X-rays of multiple wavelengths, and also the experimental set-up is such that the shocked-crystal subjects a relatively large solidangle to the X-ray source. It should thus be possible to record diffraction from (002) and (004) planes simultaneously as required. 
PHASE TRANSITION IN IRON
The α → ε phase transition in iron is perhaps the most famous of all shock-induced transitions, and it plays a pivotal role in the development of the field of shock wave physics. The first tentative evidence for the transition under shock conditions came half a century ago, when J.M. Walsh reported data on the propagation of high-pressure shock waves in Armco iron that were in disagreement with an extrapolation of Bridgman's original static compressibility measurements. [12] Soon after, Minshall and co-workers resolved the discrepancy, when they found that multiple shock waves propagated within the iron sample. [13] They identified these different wave structures with different phases present in the crystal, and inferred the existence of a polymorphic phase transition at a pressure of 130 kbar. It is interesting to note that at the time of these shock experiments, this was an unknown transition, and it was several years after Minshall's shock-wave work that the crystallographic evidence for a transition at this pressure was obtained in static X-ray diffraction experiments by Jamieson and Lawson. [14] It has been assumed ever since that the transition associated with the multiplewaves seen in shock experiments, and that observed under static high-pressure conditions, are one and the same transition. This discovery of one of the most important phase transitions known to man has long been hailed as one of the major triumphs of the field of shock-wave physics. That said, it is important to recall that to date no conclusive observation of the new structure (i.e. detailed in situ X-ray diffraction evidence) during the passage of the shock itself has been reported until recently. Details of this experimental observation of the phase transition with nanosecond diffraction are presented elsewhere. [15] The experimental data is in excellent agreement with the main features of MD simulations performed by Kadau and co-workers. [6] Data from a sub-set of these simulations are shown in Fig. 2 . Note that below the threshold pressure (image A), the bcc lattice is simply elastically compressed. Unlike with simulations of fcc materials, no dislocation generation is observed. Above the transition pressure (image B) a two-wave structure is seen, with an initial wave corresponding to compressed bcc, and then, within a few lattice spacings, the material transforms to the hcp phase. The mechanism of the martensitic transformation corresponds to the [110] (or, degenerately, the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] ) plane of the original bcc lattice becoming the c-axis of the hcp phase. On these time-scales there is negligible movement of the atoms in a direction normal to the shock propagation direction.
Confirmation of the new phase can be seen in the simulated diffraction patterns presented in Fig  3, which shows the 2-D Fourier transform in the original [110] plane -i.e. the plane expected to be-come the c-axis for half of the hcp material . Note in the first diffraction image, corresponding to image A of Fig. 2 that the diffraction pattern corresponds to the reciprocal lattice of bcc material. Indeed, both uncompressed and compressed material can be seen (note two diffraction peaks for those points corresponding to having components of the reciprocal lattice vector parallel to the shock propagation direction -i.e. the vertical axis). In contrast, the second diffraction pattern, corresponding to image B, clearly shows period-doubling, and the new hexagonal structure. Note that there is negligible shift in the diffraction peaks perpendicular to the shock propagation direction, and that this diffraction pattern comprises diffraction from unshocked bcc, elastically compressed bcc, and hcp material (note the three peaks now present around the original bcc diffraction points). These diffraction simulations are in excellent overall agreement with recent experimental data, confirming the rapid nature of the α → ε transition.
SUMMARY
Time-resolved X-ray diffraction from shockcompressed crystals is a burgeoning area of study, as the technique affords the possibility to directly observe phase transformations in shocked samples, as well as obtain direct information on elastic (and hence, under uniaxial conditions, plastic) strain. Further shifts in rocking curve peaks may in principle be used to directly measure dislocation densities in fcc crystals, and post-processing of atomic positions provided by MD simulations confirms the viability of this technique, at least for very high dislocation densities that might be expected at ultra-high strain-rates.
